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Abstract-Effects of different bioturbators on recruitment of several nuisance algae, Anabaena spp. (Cyanophyta), Microcystis spp. (Cyanophyta), and Gonyostomum semen (Raphidophyta), from sediment to water were studied in a long-term laboratory experiment. Natural sediment, where macrofauna larger than 1 mm had been removed, was added to 18 aquaria. To each of six aquaria, individuals of Asellus aquaticus (Isopoda) or Chironomus plumosus (Arthropoda) larvae were added, and six aquaria were left as bioturbation-free controls. Recruitment of Anabaena, Microcystis, and G. semen from the sediment was detected using inverted traps that were sampled once a week during 8 weeks. The activities of the isopod A. aquaticus increased recruitment rates of all algal groups investigated, whereas chironomids had a less pronounced effect. With respect to Anabaena, increased recruitment rate was expressed as a promotion of growth in the pelagic habitat. To our knowledge, these results are the first to demonstrate that bioturbating invertebrates affect the recruitment of phytoplankton resting stages. Moreover, our results suggest that recruitment rate might be more pronounced in littoral areas, which are often dominated by A. aquaticus, rather than in profundal areas of a lake, generally dominated by chironomids. Hence, with respect to algal dynamics, the strength of the coupling between the benthic and pelagic zones might vary both spatially and temporally, depending on composition of the benthic invertebrate community and the ontogenetic development of the individuals within it.
Through eutrophication and acidification, humans have negatively altered aquatic community composition; one such effect is an increase in prevalence of nuisance algae. High nutrient loads from anthropogenic activities to lakes and coastal waters have increased the stock of algae and caused noxious and toxic blooms of Anabaena spp. and Microcystis spp. (Cyanophyta). Acidification and its secondary effects have led to the spread, and sometimes complete dominance, of Gonyostomum semen (Raphidophyta) (Cronberg et al. 1988; Lepistö et al. 1994; Hansson 1996) . High concentrations of G. semen produce itching and allergic reactions, resulting in restrictions on recreation and swimming in lakes.
Both Anabaena and G. semen can form morphologically distinguishable resting stages, whereas Microcystis can produce colonies that are temporarily inactive in the sediment. A resting strategy is adopted by many organisms (e.g., as a way to avoid times of harsh environmental conditions, Fryxell 1983; Lampert 1995; Boero et al. 1996; Marcus and Boero 1998) . Because resting stages can remain viable for a long time-from years to centuries-in the sediment (Stockner and Lund 1970; Livingstone and Jaworski 1980; Hairston et al. 1995) , they can constitute a ''seed bank'' for later outbreaks. In lakes, these seed banks accumulate mostly in the deeper portions, where sedimentation rate is high (Head et al. 1998; Baker 1999) . Recruitment from resting stages occurs in response to a stimulus, such as altered temperature (Fryxell 1983; Huber 1985; Rengefors et al 1998) , light conditions (Fryxell 1983; Huber 1985; Hansson 1993; van Dok and Hart 1997) , nutrient concentrations (Fryxell 1983; Huber 1985; van Dok and Hart 1997) , or oxygen concentrations (Hansson 1993) . Several observations have been made where the germination of resting stages has provided the first propagules for development of new plankton populations (Anderson and Wall 1978; Preston et al. 1980; Baker 1999; Head et al. 1999) and where recruited resting stages have served as major contributors to growing plankton populations (Barbiero and Welch 1992; Forsell and Pettersson 1995; Perakis et al. 1996) . Hence, recruitment from resting stages might be an important process for algal population dynamics.
Although resting stages can have a lower density than sand and clay particles (Anderson et al. 1982) , they are often found deep in the sediment. Stockner and Lund (1970) observed that the depth at which viable resting stages could be found was partially correlated with the biomass of burrowing invertebrates, which implies that invertebrate bioturbating activities could affect the vertical distribution of resting stages. Several studies have confirmed that material, including resting stages, can be transported both upward and downward as a consequence of burrowing and feeding activities (Jónasson 1972; Marcus and Schmidt-Gengenbach 1986; Fu-kuhara 1987; Kearns et al. 1996) . The directionality can vary, depending on the invertebrate involved; for example, tubificids (Tubificidae, Oligochaeta) feed head down and excrete at the sediment-water interface, whereas chironomids (Chironomidae, Arthropoda) feed and excrete in the opposite direction (Jónasson 1972; McCall and Tevesz 1982) . Another effect of bioturbation is oxygenation of the sediment (Granéli 1979; Fukuhara 1987; Hansen et al. 1998) , which enhances mineralization processes, by which nutrients (mainly phosphate and ammonia) are released to the overlying waters (Fukuhara and Sakamoto 1987; Hansen et al. 1998 ).
An outcome from the above-mentioned findings is that benthic invertebrates can generate suitable or obstructive conditions for the recruitment of resting stages. Benthic invertebrates can affect algal recruitment rates positively by moving the resting stages to the surface, and thereby exposing them to germination cues in the water, or by increasing the nutrient concentrations in the water and thereby improving the environmental conditions for subsequent rapid proliferation. On the other hand, benthic invertebrates might have a negative effect on the number of algal recruits by destroying them through digestion or by moving them to deeper layers through defecation or burrowing activities. We investigated whether bioturbation affects the recruitment rate of certain algae by performing a long-term laboratory study using sediment that has an abundant supply of resting stages of Anabaena, Microcystis, and G. semen. We chose Chironomus plumosus (Arthropoda) and Asellus aquaticus (Isopoda) as representatives of common bioturbating invertebrates in profundal and littoral sediments (Jónasson 1972; McCall and Tevesz 1982) , respectively. Perhaps more important, they affect the sediment mechanically in completely different ways: C. plumosus digs and filters vertically (Jónasson 1972; McCall and Tevesz 1982) , whereas A. aquaticus migrates mainly horizontally. Thus, their effect on resting stages could be hypothesized to differ considerably.
Materials and methods-Water and sediment were collected from Lake Dagstorpssjön (55Њ52ЈN, 13Њ32ЈE) in southern Sweden in the beginning of April. This lake is known to have high abundances of algal resting stages of Anabaena, Microcystis, and Gonyostomum semen (Hansson 2000) . Sediment was collected with an Ekman grab at a water depth of 3 m. Excessive water was removed and the remaining sediment was kept in a bucket with a lid to avoid contact with air and light. From the same site, 200 L of lake surface water was collected. Individuals of A. aquaticus were collected in the nearby Lake Krankesjön (55Њ42ЈN, 13Њ28ЈE) by shaking Chara sp. above a sieve. Chironomus plumosus larvae were gathered from the nearby Lake Krageholmssjön (55Њ29ЈN, 13Њ45ЈE) and from a pond close to Lund by taking sediment with an Ekman grab and sieving the sediment (mesh size 1 mm).
All sediment was sieved (mesh size 1 mm) in the lab under low light (1 mol m Ϫ2 s Ϫ1 ) and at low temperature (10ЊC) to remove the macrofauna. Approximately 5 liters of sieved sediment (grain size Ͻ 1 mm) was put into each of 18 aquaria (315 mm long ϫ 200 mm wide ϫ 200 mm high) to a depth of 50 mm. Approximately 8 liters of filtered in situ water (filter size 10 m) mixed with copper-free tap water was added to fill the aquaria. The aquaria were left to allow sediment particles to settle in low light and at increasing air temperature (from 10 to 16ЊC) for 11 d, after which the light was intensified to 100 mol m Ϫ2 s Ϫ1 at a 16 : 8 h light : dark cycle, and the water was oxygenated with compressed air.
The experimental design included A. aquaticus, C. plumosus, and controls (no invertebrates), each in six replicates. To six aquaria, we added 20 A. aquaticus of different sizes, and to six other aquaria, we added 20 C. plumosus larvae (animal abundances corresponded to 300 individuals m Ϫ2 , which is a typical natural density). During the entire experiment, when dead animals were observed on the sediment surface, they were carefully removed with a pair of tweezers and replaced with new organisms without disturbing the sediment. Likewise, hatched animals were replaced with new ones when skins from larvae were detected in the aquaria. However, no replacements of A. aquaticus were made after 4 weeks because of natural reproduction; no replacement of chironomids could be made during the last week because of a lack of spare organisms. To evaluate whether the C. plumosus larvae were alive, the holes that appeared newly made in the sediment were counted.
Before starting the experiment, an integrated sample of the water column was taken from the surface to the bottom of the tanks by pooling four samples obtained with a tube sampler (130 mm long ϫ 30 mm diameter). Some of the water was preserved with Lugol's solution for analysis of the phytoplankton contents, and some was filtered through a Whatman GF/C filter and put into acid-rinsed bottles for analyses of dissolved nitrogen and phosphorus (NH , NO ϩ Ϫ 4 3 and PO ). The remaining water was put into acid-rinsed 3Ϫ 4 bottles for analyses of total nitrogen (TN) and phosphorus (TP). Once a week, in order to collect recruited algae, an inverted trap was put into each aquarium, where it was left hanging approximately 10 mm from the sediment surface for 48 h. Different sampling locations were used every sampling date. The traps consist of a glass container (40 ml volume) with a funnel (55 mm diameter) through the lid (modified from Hansson et al. 1994) . Before lowering the traps into the aquaria, they were filled with copper-free tap water to avoid contamination with phytoplankton from the water column. The surface temperatures of the aquaria were measured with a thermometer (Ϯ0.1ЊC) when the traps were in the water. After 48 h, the traps were removed and the samples were preserved with Lugol's solution. Phytoplankton samples were also taken by means of pooling three random tube samples (as described above) from surface to bottom of the aquaria. After each sampling, the aquaria were carefully topped up with copper-free tap water without disturbing the sediment. At the end of the experiment, we also took an integrated water sample, with the sample technique described above, for analyses of TN, TP, and dissolved nitrogen and phosphorus (NH , NO , PO ) and for turbidity ϩ Ϫ 3Ϫ 4 3 4 and pH measurements. Turbidity was analyzed on a turbidometer (Hach 1860), and pH was determined using a pH electrode (Philips PW9460). Oxygen concentrations and saturation values were also determined with an oxygen electrode (Oxy Guard Handy Gamma). The depth (Ϯ0.5 mm) of Notes the darker organic sediment layer was measured by placing a ruler on the outside of the transparent aquarium walls. After 8 weeks, the experiment was terminated and the aquaria were emptied of water and the sediment was sieved (mesh size 1 mm) to evaluate the final number of active animals in each aquarium. Dry weights of the animals were determined using a microbalance after drying at 70ЊC for 24 h.
Organisms from the traps and from the phytoplankton samples were counted using an inverted microscope. A minimum of 100 organisms or 20 fields were counted at ϫ100 magnification. Anabaena, Microcystis, and G. semen were counted for all dates, as were the major zooplankton species-cladocerans, copepods, and Asplanchna sp. (Rotatoria).
Total nutrients were analyzed using a Technicon Auto Analyzer, whereas dissolved nutrients were analyzed by flow injection analysis (FIA).
All statistics were made using SPSS 10 software with ␣ ϭ 0.05. Treatment effects were tested using analysis of variance (one-way and repeated-measures) after checking for normality or equal variances. Where necessary, data were log-or square root-transformed. If the normality and equal variance assumptions were still not fulfilled, treatment effects were analyzed with Kruskal-Wallis one-way analysis of variance. Post hoc analyses were done using Bonferroni or Mann-Whitney U-tests. Correlation analysis between recruitment and abundance of Anabaena was made by Pearson's correlation test after checking for normality.
Results and discussion-In the A. aquaticus treatment, recruitment to the traps and abundance in the water of Anabaena, Microcystis, and G. semen increased in the beginning of the experiment and then decreased, whereas zooplankton recruitment and abundance increased continuously (Fig. 1) . On the other hand, recruitment to the traps and abundance in the water of Anabaena in the C. plumosus treatment and in the control were almost absent, whereas some recruitment and abundance could be detected for both Microcystis and G. semen in these treatments (Fig. 1) . As in the A. aquaticus treatment, there was a continuous increase of zooplankton recruitment to the traps and abundance in the water in both the C. plumosus treatment and in the control (Fig. 1) . Both recruitment from the sediment to the traps and abundance in the water of Anabaena, Microcystis, and G. semen were significantly increased by bioturbation, with the most pronounced effect in the A. aquaticus treatment (Table 1; Fig.  1 ). Zooplankton recruitment to the traps was also significantly increased in the A. aquaticus treatment (Table 1) , evidenced mainly as a small, but patchy, increase in the number of Asplanchna individuals. Cladocerans and copepods made up the largest part of the zooplankton fraction, though, and neither of these groups showed any increase in either recruitment or abundance due to bioturbation (not significant, repeated-measures ANOVA). Total zooplankton abundance in the water did not show any treatment influence either (Table 1; Fig. 1 ).
Abundances of Anabaena, Microcystis, G. semen, and total zooplankton in the water generally followed their recruitment patterns, especially with respect to Anabaena in the A. aquaticus treatment (Fig. 1, 2) . Abundance of Anabaena was positively correlated with the recruitment of Anabaena after a time lag of 1 d (r ϭ 0.832; t ϭ 10.2; p Ͻ 0.001; n ϭ 48). However, G. semen and Microcystis were detected in the water column at the pretreatment sampling (Fig. 1 ). This can be explained by their buoyant capacities: G. semen has a flagellum and Microcystis has gas vacuoles. These devices counteract sedimentation and were probably activated when the water was added and the sediment left to settle.
At the end of the experiment, concentrations of nitrogen and TP in the water were significantly higher in the A. aquaticus treatment (Table 2) . Overall, nutrient concentrations decreased from the start and throughout the experiment, but to a lesser extent in the A. aquaticus treatment, and ammonium concentrations increased from 71.3 to 90.5 g L Ϫ1 in the A. aquaticus treatment.
We observed, at the end of the experiment, that particles from the sediment surface had been mechanically transported by bioturbation from A. aquaticus. This contributed to a significant increase in turbidity and depth of the organic layer (Table 3) .
Compared with the control, oxygen concentrations at the end of the experiment were lower in both the A. aquaticus and the C. plumosus treatments, a difference that could not be detected midway through the experiment (Table 3) .
There was a small but significant difference in pH values at the end of the experiment, ranging from 6.8 in the C. plumosus treatment to 7.3 in the control. However, they were not considered to be of relevance because daily oscillations of this magnitude are common in natural systems. There was a minor increase in temperature from 15.0ЊC at the start to 16.6ЊC at the end, although no difference was detected between treatments during the whole period (Table 3) .
The dry weight of benthic macrofauna in the different treatments changed during the experiment (Table 4) . A. aquaticus had increased from 0.1 to 2.9 g m Ϫ2 dry weight, whereas the numbers of chironomids had decreased by almost 50% because of hatching during the last week of experiment (Table 4 ). In all aquaria, some new organisms of macrofauna (oligochaetes and small chironomids) were detected at the end of the experiment, probably as a result of hatching from eggs in the sediment, although their numbers and dry weights were low (see Control, Table 4 ).
Anthropogenic influences often disturb environments and alter species compositions. For example, blooms of nuisance algae are common today in both lakes and coastal waters, forcing many governments and local authorities to struggle to reduce them. Because many nuisance algae produce resting stages, knowledge of how to manage these may be an important tool for managing algal nuisance blooms in general. Resting stages are the source of subsequent algal recruits, and the process of recruitment might be affected by invertebrate bioturbation. Invertebrate digging and grazing can result in the vertical and horizontal redistribution of resting stages; resting stages can be resuspended to the sediment surface and thus reexposed to oxygen and light. Also, bioturbation can promote mineralization, thereby increasing exposure of resting stages to factors, such as oxygen and nutrients, that induce their germination and recruitment (Huber 1985; Hansson 1993; van Dok and Hart 1997) . Our results Fig. 1 . Abundance (individuals L Ϫ1 ) and recruitment (individuals m Ϫ2 d Ϫ1 ) of Anabaena, Microcystis, G. semen, and major zooplankton groups (cladocerans, copepods, and Asplanchna) during 8 weeks of sampling, including one pretreatment sampling (week 0), in different treatments (Asellus aquaticus, Chironomus plumosus, and Control). Note that the scales are different for different organisms.
show that bioturbation has a positive effect on recruitment rate, and this was especially pronounced in the A. aquaticus treatment (Table 1; Fig. 1) . The difference in magnitude of recruitment rates between C. plumosus and A. aquaticus is probably caused by the very different behavior of the two invertebrates: A. aquaticus moves actively around in the sediment, whereas C. plumosus remains mainly within its tube, filtering water or collecting nearby surface particles. Thus, in our experiment, A. aquaticus had a major effect by mechanically disturbing the whole sediment surface, whereas C. plumosus produced a patchier bioturbation.
Resting stages accumulate in the sediment of mainly the profundal zone (Head et al. 1998; Baker 1999) . However, recruitment rate is often higher in the littoral zone of lakes (Hansson et al. 1994; Hansson 1995; Head et al. 1999) . For example, Hansson et al. (1994) observed that a major part of the recruitment of Microcystis occurred from the littoral zone. Furthermore, Hansson (1995) observed that the recruitment rate of Anabaena was 10 times higher from the littoral zone compared to the profundal zone. Such differences can be explained by the physical differences in the two habitats. In the profundal zone, darkness and low temperature might limit the recruitment rate, whereas in the littoral zone, good light penetration capacity, higher temperature, and high wind resuspension might promote recruitment. Our results here suggest that recruitment rate might also be affected by the species composition of the benthic macrofauna. The macrofauna community differs considerably between the littoral and profundal zones, with higher species diversity in the littoral zone (Jónasson 1972). C. plumosus is generally abundant in the profundal zone, where they dig extensively through the sediment, whereas A. aquaticus is often abundant in the littoral zone, living near the sediment surface and associating with macrophytes (Jónasson 1972; McCall and Tevesz 1982) .
Notes
The mechanisms that seem to be of major importance in promoting recruitment are transport of particles and mineralization. In the A. aquaticus treatment, a high rate of particle transport was evidenced by the deep organic layer and high turbidity (Table 3 ). The deep organic layer was a direct effect of the migration of the invertebrates, and this mechanical disturbance probably aided transport of particles from the sediment surface to the water column, thus increasing turbidity. By the same process, resting stages were probably translocated to the sediment-water interface or to the water column from deeper sediment layers, which made them come into contact with the right germination stimuli (e.g., oxygen, light, or nutrients). In contrast, because the C. plumosus treatment displayed neither a deepened organic layer nor increased turbidity, particle transport was probably of minor importance.
Mineralization processes could also have been important in promoting recruitment in the deeper layers of the sediment by the addition of oxygen and by the subsequent liberation of nutrients, both known as recruitment-promoting stimuli (e.g., Hansson 1993; van Dok and Hart 1997) . However, nutrient concentrations were lower at the end of the experiment in all treatments, with the exception of an increase in ammonium in the A. aquaticus treatment. The lower nutrient concentrations could have been due to chemical binding to the sediment surface, sedimentation of nutrient-rich particles (including algae), or assimilation by the macrofauna. Nevertheless, in the A. aquaticus treatment at the end of the experiment, total amounts of nitrogen and phosphorus, as well as dissolved nitrogen, were higher than in the other treatments (Table 2) . Thus, mineralization processes could have been important for increasing the recruitment rate. The higher concentrations for these nutrient parameters could have been due to excretion, spill-over from feeding activities by A. aquaticus, or simply the mechanical disturbance of the sediment surface that either increased the number of suspended particles in the water or released the nutrients from the interstitial water. Increased concentrations of nutrients in the water have also been observed in nature as a result of (1994) found that when benthivorous fish fed on the sediment, nutrient concentrations increased through fecal production and resuspension of particles from the sediment. In contrast to A. aquaticus, the C. plumosus treatment showed no detectable elevation in nutrient concentrations. Thus, their contribution to mineralization processes was probably minor in this study and therefore had a limited effect on recruitment rate. The abundance of Anabaena, Microcystis, G. semen, and zooplankton in the water followed their recruitment patterns (Figs. 1. 2) . Dependence between recruitment from the sediment and abundance in the water has been observed in natural systems as well (Hansson et al. 1994; Baker 1999; Head et al. 1999 ), suggesting that benthic-pelagic coupling might be important with respect to algal dynamics.
In general, recruitment of algae was higher in the beginning of the experiment than in the end (Fig. 1) , which might be due to a reduction in the number of resting stages at the sediment surface because of previous recruitment. However, in the A. aquaticus treatment, there was a second peak in recruitment rate before it leveled off. Perhaps the pool of resting stages was refilled from deeper layers as a result of increased bioturbation (Table 4) ; when this pool had recruited, the number of potential resting stages was low and the recruitment rate decreased again. Another more likely reason for the decline in numbers of recruiting algae is that the grazing pressure from the eventually increasing numbers of zooplankton was high (Fig. 1) . Grazing on blue-green algae are normally not substantial, but some zooplankton groups could be effective grazers (de Bernardi and Giussani 1990; DeMott and Moxter 1991) , and Davidowicz et al. (1988) have observed that filamentous forms can get cut into pieces and made accessible to further grazing. Not only direct grazing, but also active inhibition of algal recruitment by zooplankton might have been a mechanism behind the reduced recruitment (Hansson 1993 (Hansson , 1996 (Hansson , 2000 Rengefors et al. 1998) . For example, Hansson (1996 Hansson ( , 2000 noticed that recruitment of G. semen was negatively affected by the presence of zooplankton and that even the chemical cues from the grazers made the species remain as resting stages and thereby avoid recruitment.
Because many nuisance algae, including the three taxa studied here, rely on recruitment from the sediment for their presence in the water, it is important to gain insight into the mechanisms regulating recruitment, in order to overcome the problems of deleterious blooms. As we have demonstrated in this study, bioturbation by invertebrates could be important in creating conditions favorable for recruitment of algae. We have also discovered that the magnitude of promoting activities might be different because of species composition. Earlier studies on zooplankton have revealed that their resting stages might be directly affected by bioturbation from invertebrates and that the effect can be either positive or negative depending on the species composition of benthos (Marcus and Schmidt-Gengenbach 1986; Kearns et al. 1996) . To our knowledge, this is the first study to investigate the importance of benthic macrofauna on the recruitment of algae, and it should lead to further studies to reveal their significance in nature.
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